tecting the nascent DNA from degradation, the amount of X-shaped intermediates is severely reduced in recF and recR mutants (Fig. 3C) . Furthermore, although recF and recR mutants still fail to recover replication in the absence of either the RecQ helicase or the RecJ nuclease, the nascent DNA at the replication fork remains intact (10) and, in these mutants, the X-shaped intermediates are clearly restored ( Fig. 3; fig. S2 ), indicating that a portion of the intermediates in the cone region are formed through the regression of the replication fork and the extrusion of the nascent DNA (Fig. 4) . Thus, DNA lesions that block replication fork progression induce a regressed intermediate that is maintained by RecA and RecF, -O, and -R. In the absence of these proteins, the intermediate is degraded by RecQ and RecJ, which have been previously shown to process the nascent lagging strand before the resumption of replication (10) . Recently, rad53 checkpoint mutants in Saccharomyces cerevisiae have been shown to contain nascent lagging strand abnormalities and accumulate a similar intermediate after hydroxyurea treatment (24, 25) , suggesting that similar mechanisms may operate in both prokaryotes and eukaryotes. It should be emphasized that not all lesions may block replication or be processed by the same mechanisms, and it is likely that a portion of the X-shaped intermediates in wild-type cells are produced through recombinational exchanges. This is especially true in the case of uvrA mutants in which multibranched molecules accumulate. It remains to be determined whether fork regression in vivo is promoted enzymatically or occurs spontaneously via positive supercoiling in front of the replication fork (26, 27) . We propose that the regressed intermediate allows repair enzymes or alternative polymerases to gain access to the replication blocking lesions, thereby allowing processive replication to resume once the block to replication has been removed or bypassed. By analogy, the recovery of transcription has been shown to require the removal of the RNA polymerase and nascent transcript before repair enzymes can effect repair (28, 29) . Consistent with this idea, the appearance and duration of the regressed replication fork intermediate coincides with the time it takes for the DNA lesions to be removed and robust replication to resume. Hydrogenases catalyze the reversible oxidation of molecular hydrogen into protons and electrons. They are widely distributed among microorganisms, and they provide them with the capacity either to use hydrogen as an energy source or to dissipate excess reducing equivalents in the form of molecular hydrogen. These enzymes have attracted considerable attention, not only because of the distinctive chemical nature of their substrate and the reaction mechanism but also because of their potential biotechnological applications (1) . Two major classes of hydrogenases can be differentiated according to the metal content of the active site cofactor: Fe-hydrogenases and NiFe-hydrogenases. Although the overall structure of their metal centers differs, they share one unusual feature: diatomic, nonproteinaceous iron ligands, namely, carbon monoxide and cyanide. In NiFe-hydrogenases, the iron of the center carries two cyanide and one carbon monoxide moieties (2) . The presence of these ligands stabilizes iron in a low oxidation and spin state.
In metal center synthesis and incorporation into proteins, important issues are con-trol of the fidelity of insertion of the correct metal into the cognate target protein, maintenance of a folding state of the protein competent for metal addition, and conformational change to internalize the assembled metal center (3) . In this context, the synthesis of the CN and CO ligands of NiFe-hydrogenases poses intriguing questions because of their toxicity in the free state and, in particular, because addition of CO and CN to the metal reflects organometallic chemistry unprecedented in biology.
A total of seven auxiliary proteins are required for the synthesis and incorporation of the metal center in NiFe-hydrogenases (4). One of them, the HypF protein, accepts carbamoyl phosphate (CP) as a substrate and catalyzes both a CP phosphatase reaction in the absence of any other substrate and a CP-dependent hydrolysis of ATP into AMP and inorganic pyrophosphate (PP i ). Because the latter reaction is reversible, as shown by a CP-dependent pyrophosphate-ATP exchange, it was postulated that an adenylated CP derivative is an intermediate in the reaction and that the CP phosphatase activity may reflect a side reaction followed in the absence of ATP (5) . The necessity of CP for the synthesis of the metal center was then clearly proven by the inability of mutants devoid of CP synthetase activity to mature NiFehydrogenases (6) .
The formation of an adenylated CP derivative by HypF prompted studies on catalytic self-carbamoylation of the protein. To determine whether a stable carbamoyl derivative of purified HypF protein from Escherichia coli is formed, a filter binding assay was devised (7) (Fig. 1 ). The radioactivity of 14 C-labeled CP was not stably incorporated into the HypF protein per se (Fig. 1A , second bar). HypF and HypE from Helicobacter pylori reportedly interact with each other (8) , and HypE shares sequence similarity with the PurM protein, which catalyzes an ATPdependent dehydration reaction during purine biosynthesis (9), a reaction that formally could also transform a carbamoyl into a cyano moiety. Consequently, transcarbamoylation of HypE catalyzed by HypF was studied. Purified HypE protein from E. coli indeed was found to hydrolyze ATP into ADP and inorganic phosphate in the absence of any other substrate (10) . When HypE was incubated with the HypF protein from the same organism with different molar ratios in the presence of ATP and CP (Fig. 1A) , a stable adduct between radiolabeled CP and the HypE protein was formed. Its radioactivity quantitatively correlated with the amount of HypE, but not HypF, protein used in the assay. The stoichiometry between CPderived radioactivity and HypE protein was between 50 and 60%. These results support the conclusion that HypF is required for the transfer of the carbamoyl group of CP to HypE. This transfer depends on the cleavage of ATP into AMP and PP i (Fig. 1B) . With the nonhydrolyzable analog ADP-CH 2 -P (in which a methylene group replaces the phosphoanhydride bond) in place of ATP, transfer still took place, but in the presence of AMP-CH 2 -PP, it was blocked. These results are consistent with HypF functioning as a carbamoyltransferase that requires prior adenylation of CP, which is not possible with AMP-CH 2 -PP as a substrate.
To prove that the HypE protein indeed acts as the acceptor and to study whether binding of the putative carbamoyl residue is covalent, HypE and HypF were incubated Fig. 2C and (7) ].
with [
14 C]CP and ATP, and then the assay mixture was denatured by SDS under reducing and nonreducing conditions, separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and blotted onto a nitrocellulose membrane. The blot was autoradiographed ( Fig. 1D) and then stained (Fig. 1C)  (7) . The results show that the radioactivity is transferred to HypE during the reaction and that the binding is stable under denaturing conditions, which suggests covalent attachment.
Apart from the sequence similarity with the PurM protein, HypE carries a PRIC motif as the last four amino acids (Pro-Arg-IleCys), which is invariable in all members of the HypE family. This cysteine residue at the COOH-terminus prompted speculation that its thiol group might be the target for carbamoylation. Indeed, the purified HypE variant with a deletion of this amino acid could not accept the putative carbamoyl group transferred by HypF (Fig. 1A, last bar) .
To identify the amino acid residue of HypE that is modified, samples of the reaction mixtures were digested with endoproteinase Asp-N, and the peptides were analyzed by mass spectrometry (Fig. 2) (7) . The peptide pattern of an assay containing HypF, HypE, and CP plus ATP differed from that of a control assay lacking CP (11) in the appearance of a single peptide with a mass of 1385.7. This peptide corresponds to the COOH-terminal peptide of the HypE protein, ranging from amino acid 311 to 322 (mass 1360.7), and the mass of the additional peptide is compatible with the presence of a cyano group replacing a hydrogen from an amino acid side chain ( Fig. 2A) .
Because HypE has intrinsic adenosine triphosphatase activity and exhibits sequence similarity to PurM, an enzyme catalyzing an ATP-dependent dehydration reaction, it seemed feasible that the CN modification derives from the dehydration of a carbamoyl precursor. This conjecture was tested by analyzing the peptide pattern of an assay in which ATP was replaced by the nonhydrolyzable ADP-CH 2 -P. Under this condition, the transcarbamoylation by HypF (requiring cleavage of ATP into AMP and PP i ) should still be possible, but the dehydration should be blocked. The mass increment of peptide 311-322 increases from 1360.7 to 1403.7 (Fig. 2B) ; this proves that HypE indeed carries a carbamoyl modification. To identify the amino acid residue carrying the carbamoyl or the cyano modification, tandem mass spectrometry (MS/MS) of this peptide from assays lacking CP and ATP (Fig. 2C) was performed. The pattern was compared with those from reactions delivering carbamoylated (in the presence of CP and ADP-CH 2 -P) (Fig. 2D) or cyanated (in the presence of CP and ATP) (Fig. 2E ) HypE protein. It was found that, in the MS/MS spectrum of the 311-322 peptide derived from a reaction in which the substrates were present, all y ions but no b ions carried the modification (Fig. 2, D and E) . Moreover, one peptide, a11/b11, corresponds to a fragment of amino acids 311 to 321 (lacking the cysteine). Because it also lacks the modification, it is clear that each of the modifications is bound to the COOH-terminal cysteine. Finally, the spectrum shown in Fig. 2E demonstrates that HSCN is cleaved off the precursor; therefore, it is the COOH-terminal cysteine that is either cyanated or carbamoylated.
The steps in CN formation catalyzed by the hydrogenase maturation proteins HypF and HypE are summarized in Fig. 3 . HypF forms the postulated AMPOCONH 2 from which the carbamoyl group is transferred to the COOHterminal cysteine of HypE (step 1). HypEcarbamoylation (step 1) is followed by the ATP-dependent dehydration by HypE (step 2) and the transfer to the iron atom (step 3).
Chemical models were studied to determine the chemical feasibility of steps 2 and 3 in Fig. 3 and related reactions. The reactions carried out are shown in Fig. 4 (7) . Thus, treatment of S-(n-decyl) thiocarbamate with ethyl polyphosphate, PPE (12, 13) , gave a 55% yield of the corresponding thiocyanate (14) [Fig. 4 (reaction 1)] . Similarly, ( 5 -C 5 H 5 )Fe(CO) 2 CONH 2 (FpCONH 2 ) (15) can be dehydrated, and sequential treatment with PPE followed by triethylamine results in a 57% yield of FpCN [ Fig. 4 (reaction 2)] , despite the previously reported (16) facile fragmentation of FpCONH 2 cleaving the iron-to-carbon bond. Nevertheless, the biochemical results show that the dehydration of the carbamoyl moiety occurs when bound to sulfur, rather than iron, followed by transfer of the CN moiety to iron. Consequently, chemical modeling of such a transfer was studied. Reduction of phenylthiocyanate by phenylthiolate in the presence of FpBr generated a 50% yield of FpCN [ Fig. 4 (reaction 3) ]. This reaction validates the proposed model (Fig. 3, step 3) in which a nucleophilic CN is transferred to an electrophilic iron center. Because the identity of the iron species in the biological system is unknown, another chemical model system was studied in which the iron is nucleophilic and the CN electro- (17 ) [ Fig. 4 (reaction 4) ]. These chemical models validate the feasibility of the proposed biosynthesis of the CN ligand and its transfer from sulfur to iron (18) .
In sum, the cysteine residue of HypE undergoes unprecedented biotransformations in serving as the site for dehydration of a carboxamido moiety to CN, in carrying the CN residue, and in transferring the CN to iron. Previously, thiocyanates were rarely encountered in nature. Thiocyanate synthesis in the marine sponge Axinyssa n. sp. has been proposed to involve sulfuration of cyanide to give -SCN followed by reaction with a sesquiterpene cation (19) , although cyanation of a thiol moiety has also been suggested (20, 21 Functional magnetic resonance imaging (fMRI) is a powerful tool used for the noninvasive mapping of neural activity in the brain (1-3). Blood oxygen level-dependent (BOLD) fMRI infers neural activity by measuring small changes in deoxyhemoglobin within the brain's vasculature. Therefore, the coupling between local cerebral hemodynamics and the underlying neural activity is critically important to the interpretation and design of fMRI studies. Increases in neural activity elicit a delayed decrease in deoxyhemoglobin corresponding to a positive change in the BOLD signal (1-4). Most fMRI investigations use this positive BOLD response to map neural activity. However, because the response is also observed from draining veins that are displaced from the sites of activation, the spatial resolution is limited (5-7). Optical imaging and imaging spectroscopy findings suggest that a fast increase in deoxyhemoglobin, occurring before the delayed decrease, may be a better indicator of neural activity (8, 9) . This component of the hemodynamic response is often referred to as the "initial dip." Recent fMRI studies and direct measurements of oxygen tension within the microcirculation have also identified the initial dip (6, 7, (10) (11) (12) . In studies of the visual cortex, brain imaging maps that emphasize the initial dip exhibit sharper patches and stripes [characteristic of orientation and ocular dominance columns (13) ] relative to functional maps that are based on other signals (6, 8, 9) . It has been proposed that the initial dip reflects an increase in oxygen consumption by active cells and is consequently better localized to the site of neural activity (6, 8, 9) . Despite its potential, the existence and interpretation of the initial dip are controversial because it is not always observed using fMRI (14, 15) , and its detection using imaging spectroscopy may be confounded by the difficulty in correcting for the wavelength dependence of light scattering in tissue (16, 17) . An alternative hypothesis is that changes in blood volume, rather than oxygen consumption, could account for the initial dip (18) . Although simultaneous recordings of fMRI signals and neural activity were recently reported in the monkey's primary visual cortex (4), the analysis focused on the positive BOLD response and used stimuli that were designed to activate a relatively large uniform area of the cortex. Therefore, the studies did not address neural and hemodynamic coupling at a submillimeter spatial resolution.
In our study, we made simultaneous colocalized measurements of tissue oxygenation and single-cell neural activity in area 17 of the cat's visual cortex. Tissue oxygenation is linked to deoxyhemoglobin through the local oxygen concentration gradient in tissue and through the oxygen-hemoglobin dissociation curve and is therefore expected to reflect the hemodynamic changes measured with fMRI. A quantitative model of cerebral hemodyGroup in Vision Science, School of Optometry, Helen Willis Neuroscience Institute, University of California, Berkeley, CA 94720 -2020, USA.
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